Cavitation is an inevitable phenomenon that occurs when improvements such as performance enhancement and weight reduction are made to the turbopump in liquid-propellant rocket engines. Unsteady cavitation may cause oscillations (cavitation instabilities) in the turbopump. Accurate prediction and efficient suppression of cavitation instabilities are important for designing turbopumps. We performed a numerical simulation of the unsteady cavitation in tandem cascades and compared the results with those obtained for a single-stage cascade. The type of cavitation instability could be controlled by changing the front-and rear-blade chord lengths. When the clearance gap between the front and rear blades was located near the cascade throat entrance, rotating-stall conditions could be easily achieved, even at high flow rates. Cavitation surge and super-synchronous and sub-synchronous rotating cavitations were suppressed when the clearance gap was located at 40% of the total chord length. When the clearance gap was located inside the cascade throat, cavitation reached a steady state at the ' value where the cavity length equaled the front-blade length; then, cavitation instabilities and unsteady cavitation were suppressed in the low-' region. When the clearance gap was located at 80% of the total chord length, cavitation surge was completely suppressed, although rotating cavitation occurred over a larger region.
Introduction
Cavitation refers to the liquid-to-gas phase change occurring in the low-pressure region of high-speed fluid machinery, for example, on the suction side of an impeller. The deleterious effects of cavitation include vibration, noise, and degradation of the efficiency of fluid machinery. Recently, there has been an increased focus on enhancing the performance and reducing the weight of the turbopumps used in liquid-propellant rocket engines. The main problem encountered in this case is cavitation in the inducer installed at the turbopump inlet. The unsteadiness in the cavitation sometimes gives rise to oscillations called cavitation instability in the turbopump. Typical cavitation instabilities includes ''cavitation surge, '' 1) which is accompanied by fluctuations in the flow rate and pressure in the turbopump system, ''rotating cavitation, '' 2) and ''rotating-stall cavitation, '' 3) which causes asynchronous axial vibrations in the turbopump. Several methods have been adopted for suppressing the oscillation in the turbopump inducers of liquidpropellant rockets, such as the use of a pogo suppressor 4) and extension of the casing diameter at the inducer inlet. 5) However, designing such oscillation suppression methods is not easy because cavitation instabilities have complex characteristics. Therefore, to design a highly efficient turbopump, it is important to predict the occurrence of cavitation instabilities and take measures to suppress them.
For the numerical simulation of unsteady cavitating flow fields, it is necessary to develop a numerical method that can reproduce various types of unsteady behavior and enable long-time simulation. The authors have developed a numerical method for cavitation, which is suitable for unsteady calculations, 6) and reproduced the frequency characteristics of cavitation; they have shown that there are two different mechanisms underlying the sheet cavitation break-off in a cascade hydrofoil. 7) Further, the authors have succeeded in the simultaneous reproduction of three types of cavitation instability by performing a numerical analysis on a threeblade cascade without using a model or imposing boundary conditions for individual phenomena. 8) In the present study, a numerical simulation of unsteady cavitation in a tandem cascade is performed, and the simulation results are compared with those obtained for a single-stage cascade. The change in the cavitation instability pattern is investigated by changing the chord lengths of the front and rear blades. Additionally, the mechanism underlying the control or suppression device of the cavitation instability in the tandem cascade is elucidated.
Numerical Method

Cavitation model
In this study, a locally homogeneous model of a compressible gas-liquid two-phase medium 6) is used for the numerical simulation of cavitation. In this model, a gas-liquid two-phase field is assumed to be a pseudo single-phase medium, and Navier-Stokes (N-S) continuum equations Ó 2011 The Japan Society for Aeronautical and Space Sciences are applied to a cavitating flow field in which there is discontinuity between the gas and liquid phases. The governing equations for the gas-liquid medium are the following compressible gas-liquid N-S equations:
where &, p, and u are the density, static pressure, and velocity of the mixture phase, respectively, and Y is the mass fraction of the gas phase. The viscosity of the mixture phase, ", which is necessary for estimating the stress tensor ( in Eq. (1), is determined from the following equation:
where is the volume fraction of the gas phase (void fraction), and subscripts g and l denote the gas and liquid phases, respectively. The governing equations in Eq. (1) are closed by an equation of state for the locally homogeneous compressible gas-liquid two-phase medium.
6) The equation of state is derived by assuming that there is a local equilibrium between the gas and liquid phases at a certain pressure and temperature, and assuming a linear combination of the masses of the liquid and gas phases. Furthermore, the liquid is assumed to be compressible, and the gas is assumed to obey the ideal-gas law:
where K l is the liquid constant and R g is the gas constant, p c and T c are the pressure and temperature constants of the liquid, respectively, and are assumed to be constant. The speed of sound in the two-phase medium is determined from Eq. (3) and is found to be in good agreement with that obtained in an experiment on variations in the void fraction. 6) Therefore, this numerical method can be used to reproduce pressure wave propagation in a gas-liquid flow field. This is important for numerical simulation of the mutual interference between cavitation and a fluid machinery system. À in the source term S denotes the evaporation speed at instantaneous equilibrium. À corresponds to the modification of p and Y by the predictors & Ã , Y Ã , and p Ã , which are obtained by substituting S ¼ 0 in Eq. (1):
where p v is the saturated vapor pressure. Since the abovementioned instantaneous-equilibrium evaporation model does not include empirical constants, it is robust to rapid pressure jumps during pressure wave propagation. Therefore, the same model can be used for flow fields with or without cavitation surge or other phenomena. Since the density discontinuity at the cavity surface is expressed as the gradient of the void fraction in the present model, it is possible to use the numerical scheme of the contact discontinuity problem in a compressible fluid. Consequently, the present model can reproduce various types of unsteady cavitation, although the thickness of the cavity surface depends on the resolution of the computational grids used. Therefore, this numerical method can be used for the analysis of a wide range of cavitation conditions, except for incipient cavitation.
Numerical scheme
In this study, the governing equations represented by Eq. (1) are solved using the finite difference method. Because it is necessary to carry out stable simulation of the discontinuities corresponding to the large density jump at the gas-liquid interface in a cavitating flow field, the total variation diminishing (TVD) scheme, which yields a monotonic solution, is used instead of a higher-order scheme. Specifically, the explicit TVD-MacCormack scheme 9) with second-order accuracy in time and space is used. No turbulence model is used in this study because of the nonavailability of a reliable model that facilitates studying the oscillation characteristics of cavitation instabilities.
Computation conditions
The target flow field is a tandem flat-plate cascade with cyclic boundary conditions imposed on the third flow channel in the cascade, as shown in Fig. 1 . The solidity C=h, stagger angle , chord length C, and blade thickness are 2.0, 75 , 0.1 m, and 0, respectively. In the tandem cascade, the front-blade length is set to 40%, 50%, 65%, and 80% of C, and the corresponding tandem cascades are denoted by Type 40, Type 50, Type 65, and Type 80, respectively, as shown in Fig. 1 . The clearance gap between the front and rear blades is set to a value that is 5% of C. In the present cascade arrangement, the entrance to the cascade throat is located at the point corresponding to 0.48C. The suction side of the clearance gap is located upstream of the throat entrance in Type 40, slightly downstream of the throat entrance in Type 50, and inside the throat in Type 65 and Type 80. The three blades are denoted by Blade1, Blade2, and Blade3; the direction of numbering is opposite to that of the rotation of the cascade, as shown in Fig. 1 .
A given cascade channel has 261 Â 71 mesh points. The distance between the inlet boundary and leading edge is two chord lengths, and the distance between the trailing edge and outlet boundary is three chord lengths. At the inlet boundary, the flow angle, void fraction, and total pressure are maintained constant; the static pressure is extrapolated, and velocity is calculated under the condition of constant total pressure. At the outlet boundary, a constant static pressure is applied, and the velocity and density are extrapolated. A non-slip condition is assumed at the wall boundary of the blades. In addition, a cyclic boundary condition is imposed on the third flow channel in the cascade in order to reproduce the circumferential instabilities in the cascade, such as rotating cavitation.
The inlet flow angle in is set at a constant value of 7 , and the inflow velocity U in is approximately 12 m/s. Computation is performed for several values of the cavitation number ', a dimensionless quantity that indicates the ease of cavitation. ' changes with the outlet static pressure. ', the flow rate coefficient 0, static pressure coefficient , and propagation velocity ratio (PVR) for rotating cavitation are estimated using the following equations:
where the subscript in denotes the inlet boundary, and U t and U a are the circumferential and axial inflow velocities, respectively. U cav is the velocity of the apparent circumferential propagation in an uneven-volume cavity. ' and are calculated from the time-averaged computational results in each case. The inlet flow angle in (7 ) corresponds to a 0 value of 0.141, where several kinds of cavitation instabilities have been observed to occur in the present single-stage cascade.
Results and Discussion
Head performance of the present cascade
The variation of with ' around the head drop region in the present tandem and single-stage cascades are shown in Fig. 2 , with the approximated curves for each type of cascade. At a high ', the head performance in each cascade remains almost equal. However, the cavitation performance, which indicates how low the ' value is at head drop, is improved in the tandem cascade. The difference between the cavitation performances of Type 50, Type 65, and Type 80 is very small; however, the cavitation performance observed for these three tandem cascades is slightly better than that observed for the single-stage cascade. Among all of the above-mentioned types of cascades, Type 65 shows the best performance. The possible reason for the enhanced cavitation performance in the tandem cascades is as follows: The local angle of attack of the rear blade becomes positive because of the pressure gradient between the suction side and the pressure side at the clearance gap between the front and rear blades; then, the head of the rear blade is maintained in the low-' region around the head drop. The time-averaged cavity volume for each cascade is shown in Fig. 3 . The cavity volume is reduced when the clearance gap is shifted upstream in the low-' regions of Type 80, Type 65, Type 50, and Type 40. This indicates that, in Type 40 and Type 50, the cavitation performance is not enhanced despite the reduction in the cavity volume.
Region of occurrence of cavitation instabilities
The static pressure coefficient in Fig. 4 is denoted by different colors depending on the occurrence of cavitation instability and cavitation conditions. The occurrence of cavitation instability is judged by observing the aspects of the cavity and waveforms for different blade lifts and upstream pressures in each case. In the present tandem In Super-S R.C, the uneven-volume cavity appears to propagate in the direction of cascade rotation (Blade3-Blade2-Blade1). In Sub-S R.C, the uneven-volume cavity appears to propagate in the direction opposite to that of cascade rotation (Blade1-Blade2-Blade3). R-Stall C differs from Sub-S R.C, although the uneven-volume cavity in the former appears to propagate in a direction opposite that of cascade rotation, as the oscillation characteristics of these two types of cascades are different. Furthermore, a cavitation surge (C.S Type 2) is detected. The region of occurrence of each cavitation instability, except for that indicated in light blue, is not individually distributed as shown in Fig. 4 . However, the type of cavitation instability arising in each type of tandem cascade is different, as shown in Fig. 5 , where the front-blade length is plotted on the vertical axis. In the single-stage cascade shown at the top of this figure, as ' decreases which corresponds to the development of cavitation, Super-S R.C occurs first; then, C.S is induced in the region where Super-S R.C occurs, and finally, Sub-S R.C occurs.
When the clearance gap between the front and rear blades is located around the cascade throat entrance, as in the case of Type 40 and Type 50, the cascade is easily shifted to a stalled condition even when the flow rate is not very low. In particular, in Type 40, R-stall C occurs, while C.S, Super-S R.C, and Sub-SRC are completely suppressed.
In the present tandem cascades, C.S may be favored in Type 50 but completely suppressed in Type 40 and Type 80. Generally, the Strouhal number corresponding to the cavity break-off cycle is known to remain constant, which is based on the cavity length. 10) This indicates that the sheet cavity break-off frequency depends on the cavity length. Therefore, it is assumed that when ' decreases, the sheet cavity is enlarged and the cavity length achieve an appropriate for C.S frequency in Type 50; however, it is hard to become adequate length in Type 40 and Type 80. In the case of Type 40, R-stall C occurs in the low-' region because the stall conditions are satisfied. In the case of Type 80, Super-S R.C occurs in the low-' region because of the suppression of C.S.
Additionally, cavitation attains a steady state at a certain '. When the clearance gap between the front and rear blades is located inside the cascade throat, as in the case of Type 65 and Type 80, the cavity length becomes exactly equal to the front-blade chord length. Under these conditions, attached sheet cavitation occurs, but not supercavitation. This type of steady cavitation cannot be observed in the single-stage cascade. Therefore, in a tandem cascade, both cavitation instability and unsteady cavitation are completely suppressed at a certain '.
As mentioned above, the type of cavitation instability in tandem cascades can be controlled by changing the chord lengths of the front and rear blades.
Unsteady characteristics of cavitation instabilities
PVR is estimated by calculating the apparent velocities of the circumferential propagation of an uneven-volume cavity in each type of rotating cavitation (i.e., Super-S R.C, Sub-S R.C, and R-stall C). The results obtained for the tandem and single-stage cascades are shown in Fig. 6 . The PVR values for Super-S R.C, Sub-S R.C, and R-stall C are 1.2-1.4, 0.8, and 0.3-0.4, respectively, in the present cascade arrangement. The unsteady characteristics of Super-S R.C and Sub-S R.C do not change significantly with the frontblade length, although the ' value at which cavitation occurs is different in each type of cascade. The possible reason for this is that rotating cavitation is caused by local instability, and the propagation speed depends on the blade-to-blade distance (i.e., on C=h and ). The PVR for R-stall C, which occurs in the single-stage cascade at low flow rates, has been reported to be in the range 0.4 to 0.5.
11) However, the PVR value observed for Type 40 and Type 50 in the present study is lower. This indicates that the uneven-volume cavity propagates more rapidly in the tandem cascade than in the singlestage cascade. This is probably because the leakage flow from the clearance gap between the front and rear blades gives rise to a fluid inertia force around the cascade throat entrance in Type 40 and Type 50. In an actual three-blade inducer, the propagation speeds of Super-S R.C and Sub-S R.C have been observed to be 1.1 to 1.25 times and 0.87 times the rotating speed of the inducer, 1) although the cascade arrangements are slightly different. Therefore, in the present study, the propagation characteristics of the rotating cavitations are found to be similar, although the geometric features corresponding to sheet cavitation in the present two-dimensional cascade and those corresponding to tip vortex cavitation in an actual three-dimensional inducer are different.
The frequency characteristics of C.S shown in Fig. 7 are calculated from the upstream pressure waves and flow field aspects. The frequency is nondimensionalized by the rotating frequency of the cascade f 0 , which is calculated using averaged circumferential inflow velocity U t . With a decrease in ', the C.S frequency decreases from 55 Hz to 40 Hz, except when ' ¼ 0:25 in the case of Type 50. Experiments performed on axial and centrifugal pumps have revealed that the C.S frequency decreases as ' decreases 12, 13) because of the increase in cavity volume. Therefore, the C.S frequency at ' ¼ 0:25 in Type 50 is considered to be typical for tandem cascades and different from that of commonly observed cavitation surges. For a given value of ', the C.S frequency in a tandem cascade is higher than that in a single-stage cascade at same '. This indicates that the cavity volume is reduced to a greater extent in a tandem cascade than in a single-stage cascade, as shown in Fig. 3 , because C.S is known to be a spring-mass oscillation system, where ''spring'' denotes cavitation, and ''mass'' denotes the total mass of the fluid flowing in the upstream and downstream directions.
Cavitating flow fields in tandem cascade
Now we explain how the cavitation structure changes in a tandem cascade using the flow field in Type 50 as an example. Figure 8 shows the time evolutions of the void fraction (left), pressure (middle), and velocity vector (right) distributions for the cavitation in Type 50. The left and middle figures show two flow channels that are adjacent to Blade2, and the right figure shows a magnified view of the clearance gap between the front and rear blades in Blade2. Figure 9 shows the time variations in the lifts of the front and rear blades and the flow rate through the clearance gap in Blade2. When the cloud cavity collapses in one channel (Fig. 8(1), upper channel) , the pressure gradient between the suction side and the pressure side is reversed at the clearance gap. Then, the local angle of attack of the rear blade takes a negative value (Fig. 8(2) ). Subsequently, the next sheet cavity on the front blade grows in size and reaches the point where a clearance gap is present, and the pressure gradient becomes negative again. At this time, the fluid on the pressure side is drawn to the suction side through the clearance gap. The flow through the clearance gap becomes a jet flow (Fig. 8(3) ), and hence, is named ''slit jet.'' The slit jet and a re-entrant jet flowing back into the sheet cavity from the rear end of the cavity generate a vortex cavity on the suction side of the trailing edge of the front blade. Subsequently, a sheet cavity is formed in the rear blade because of the slit-jet-induced increase in the local angle of attack ( Fig. 8(4) ), and the sheet cavity in the front blade is released as a cloud cavity. Therefore, the three cavities show mutual interference and are shifted downstream, where they merge into one cavity comprising a three-vortex structure (Fig. 8(5) ). Finally, the cloud cavity collapses by the stepwise collapse of each of its constituent vortex structures (Fig. 8(6) , (7)); that is, the unsteady flow field in the vicinity of the clearance gap in the present tandem cascade. As mentioned earlier, the cavity volume in the tandem cascade becomes different from that in the single-stage cascade. Additionally, the vortex structure becomes more complex because of the influence of the slit jet. Hence, the time-averaged cavity volume and the unsteady characteristics of the sheet cavitation break-off are different from those in the single-stage cascade. Consequently, the occurrence region and the type of cavitation instability in the tandem cascades differ from those in the single-stage cascade, as shown by the occurrence map in Fig. 5 . In tandem cascade Type 40, the clearance gap exists upstream of the entrance of the cascade throat, and hence, the slit jet makes the cascade to easily become stalled despite the high flow rate. In Type 50, because of the influence of the slit jet, the sheet cavity length may easily reach a value at which the break-off frequency becomes 40-50 Hz. This frequency corresponds to the natural resonance frequency of surge oscillations in the present cascade system. Figure 10 shows the peculiar cavitation conditions in tandem cascades Type 65 and Type 80. In this figure, instantaneous void fractions and velocity vector distributions are shown at the top, and pressure distributions are shown at the bottom for the attached sheet cavitation in Type 80. Figure 11 shows the time variations in the front-and rearblade lifts and the flow rate through the clearance gap. When the sheet cavity length becomes equal to the front-blade chord length, attached sheet cavitation occurs because of the influence of the jet. In Type 65 and Type 80, the pressure side of the clearance gap is located downstream of the cascade throat, and the flow rate through the gap becomes steadier than that in Type 40 and Type 50, where the pressure side of the gap is located near the outlet of the cascade throat. As a result, the separation on the suction side of the rear blade is stabilized, and attached sheet cavitation may be facilitated. Therefore, not only cavitation instability, but also unsteady cavitation is suppressed in this case.
Conclusion
In the present study, a numerical simulation of unsteady cavitation in a tandem cascade is performed, and the head performance, occurrence of cavitation instabilities, and unsteady characteristics are analyzed. The results are summarized as follows.
. Cavitation performance in the tandem cascade is slightly better than that in the single-stage cascade; the best performance is observed in the tandem cascade when the clearance gap is located at 65% of the total chord length. . The region of cavitation occurrence and the type of cavitation instability in tandem cascades differ from those in the single-stage cascade because the vortex structure of the cloud cavity in the tandem cascades changes when jet flow occurs through the clearance gap. . In the tandem cascade where the suction side of the clearance gap is located upstream of the throat entrance, the cavitation surge and super/sub-synchronous rotating cavitations are completely suppressed, although it is easy to shift to a rotating-stall condition. . In the tandem cascade where the clearance gap is located at 80% of the total chord length, the cavitation surge is completely suppressed, and super-synchronous rotating cavitation occurs in the suppression region. . When the clearance is located inside the cascade throat, cavitation reaches a steady state (i.e., attached sheet cavitation occurs) despite the low '. Hence, cavitation instabilities and unsteady cavitation are completely suppressed. . There is no significant difference between the unsteady characteristics of the super/sub-synchronous rotating cavitations in the tandem cascades and those in the single-stage cascade. This is because the propagation speed in a rotating cavitation mainly depends on the solidity and stagger angle. On the other hand, the cavitation surge frequency in the tandem cascades is slightly higher than that in the single-stage cascade for a given value of '. This is because the cavitation break-off frequency is affected by the cavity volume, which there is less of in the tandem cascades than in the single-stage cascade. 
